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Abstract –We systematically study thermoelectric properties of layered MoS2 by doping, based
on Boltzmann transport theory and first-principles calculations. We obtain optimal doping re-
gion (around 1019 cm−3) by looking closely to the temperature and doping level dependent ther-
mopower, electrical conductivity, power factor (PF) and ultimately figure of merit (ZT) coefficient
along in-plane and cross-plane directions. MoS2 has a vanishingly small anisotropy of thermopower
but a big anisotropy of electrical conductivity and electronic thermal conductivity in optimal dop-
ing region. κe is comparable to κl in the plane while κl dominates over κe across the plane. ZT
can reach as high as 0.3 at around 700 K. In-plane direction is demonstrated to be more preferable
for thermoelectric applications of MoS2 by doping.
Introduction. – Thermoelectrics play a key role for
power generation and refrigeration [1–3]. Chalcogenide
composite materials, such as Bi2Te3, PbTe and others
[4–10], have attracted much research interest for decades
because of their high performance on thermoelectric con-
version. Transition-metal dichalcogenide MoS2, one proto-
type material in chalcogenide family, has distinctive elec-
tronic, mechanical, catalytic and tribological properties
[11–20]. Recent research on its optical properties [21] and
lattice dynamics [22,23] has aroused renewed interest but
its thermoelectric properties have barely been studied [24].
Nevertheless, the lowest thermal conductivity obtained ex-
perimentally in a MoS2-related structure [25], together
with an unusually large thermopower [26–28] found in
MoS2, may render it a promising candidate for thermo-
electric application.
Unfortunately, available experimental data concerning
the thermoelectric transport properties of MoS2 are quite
scarce and fragmentary in literature. The most signifi-
cant experimental work was performed by Mansfield and
Salam [27] and Thakurta et. al. [26], who studied tem-
perature dependence of the electrical transport properties
including thermopower and electrical conductivity at only
three samples with low dopings, but failed to investigate
on the thermal-related properties. Kim et. al. [29] merely
worked on the thermal conductivity κ. Based on these
(a)E-mail: yangteng@imr.ac.cn
incomplete experimental data, it is difficult to estimate
the figure of merit ZT coefficient which is crucial to evalu-
ate thermoelectric conversion capability. Moreover, avail-
able extrinsic carrier concentrations in MoS2 single crys-
tals were quite low. It remains a big challenge to obtain a
wide doping region in experiment but nonetheless is essen-
tial to tuning carrier density appropriate for an optimum
ZT.
In this letter, we study theoretically the thermoelectric
transport properties of MoS2 over a range of doping level
(from 1015 to 1020 cm−3) for an optimization of its thermo-
electric conversion efficiency. We have the following find-
ings: (1) Thermopower is attainable more than 200 µV/K
over a wide range of dopings and directional anisotropy
vanishes between in-plane and cross-plane thermopowers
for doping level above 1017 cm−3. (2) Anisotropic elec-
tronic scattering time exists between in-plane and cross-
plane directions, which accounts for two orders of magni-
tude difference between electrical conductivities σxx and
σzz and also gives rise to anisotropy between electronic
thermal conductivity κxxe and κ
zz
e . (3) In optimal doping
region, κe is comparable to κl in the plane while κl domi-
nates over κe across the plane. (4) Carrier density around
1019 cm−3 is sufficient for optimal thermoelectric perfor-
mance, figure of merit ZT coefficient reaches 0.3 at 700K
within the plane. (5) A preference for in-plane over cross-
plane direction by doping for thermoelectric applications
of MoS2 is demonstrated.
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Fig. 1: (Color online) EV-GGA electronic band structure of
MoS2 along high-symmetry lines (a) Γ-M-K-Γ in plane and (b)
Γ-A across plane in the hexagonal Brillouin zone (BZ). The
valence-band edge is set as zero and marked with a dashed
line. Electronic density of states in (c) shows a comparatively
higher value at the conduction band edge than at the valence
band edge.
METHODOLOGY. – The band structure of MoS2
is calculated by using the general potential linearized
augmented plane-wave(LAPW) method as implemented
in the WIEN2K package [30]. The electronic exchange-
correlation is described within the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof(PBE)
flavor [31]. We use 5000 k points in the full Brillouin
zone(BZ) to achieve a total energy convergence better
than 1 meV/atom. MoS2 has P63/mmc space group
symmetry and consists of a hexagonal plane of molybde-
num atoms sandwiched by two hexagonal planes of sulfur
atoms. The unit cell contains two alternating and weakly
van-der-Waals-bonded layers with an AB stacking along c
axis. The experimental lattice parameters [32] (a = 3.16A˚,
c = 12.295A˚) are used here.
We calculate transport properties based on Boltzmann
transport theory applied to the band structure. In the
following part, we discuss the dependence of transport
functions including thermopower S, electrical conductiv-
ity σ, power factor(PF), and ultimately figure of merit
coefficient ZT on temperature and doping level along two
perpendicular directions. The electron scattering time is
assumed to be independent of energy due to its good de-
scription of S(T) in a number of thermoelectric materi-
als [6, 33, 34]. In this sense, no adjustable parameters are
needed to calculate those transport functions. The inte-
gration is done within the BOLTZTRAP transport code
[35]. A very dense mesh with up to 18000 k points in the
BZ is used.
RESULTS AND DISCUSSION. – An improved
band gap is essential for calculating transport properties,
so the Engel-Vosko GGA (EV-GGA) formalism [36] is ap-
plied to calculate the band gap more accurately. In Fig. 1,
we present our calculated band structure and density of
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Fig. 2: (Color online) (a) Temperature dependence of calcu-
lated in-plane thermopower Sxx of MoS2, compared with ex-
perimental data by Mansfield and Salam [27] at two doping
levels p = 1.6 × 1016 (filled triangle) and 3.4 × 1016 (empty
circle) holes per cm3. Doping level dependence of (b) in-plane
thermopower Sxx(p, T), (c) ratio of cross-plane Szz(p, T) over
in-plane Sxx(p, T) and (d) in-plane Sxx(n, T ) at different tem-
peratures. The temperature ranges from 100K to 700K for
some practical reason. Hole and electron doping are respec-
tively used in (a-c) and (d). Experimental data with p = 7.6
× 1016 and 1.0 × 1017 cm−3 at 200K by Mansfield and Salam
[27] is respectively marked by filled triangle and square in (b).
states of MoS2. The in-plane and cross-plane cases are
considered separately in Fig. 1(a, b). In Fig. 1(a), an in-
direct gap of 1.04 eV is obtained between top of valence
band at Γ and bottom of conduction band at one k point
from K to Γ. A similar band structure calculated from
standard PBE-GGA formalism gives an indirect gap of
0.84 eV, which agrees with reported value [37]. Compared
with ∆i ∼ 1.20 eV from experiment [38], it is clear that
EV-GGA does improve the band gap calculation upon
PBE-GGA. In contrast to the pronounced dispersive in-
plane electronic bands shown in Fig. 1(a), the cross-plane
bands shown in Fig. 1(b) are quite flat, showing a very
weak cross-plane bonding due to Van der Waals interac-
tion. The structural anisotropy induces an anisotropy be-
tween in-plane and cross-plane band gaps. The calculated
cross-plane gap is found to be 2.20 eV.
Besides the band gap anisotropy, a strong asymmetric
feature of band structure between valence and conduction
bands implies that the thermoelectric properties of n-type
MoS2 would be very different from that of p-type. The
heavy and doubly degenerate bands near the conduction-
band minimum suggest that the n-type MoS2 would have
p-2
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Fig. 3: (Color online) Doping level dependence of (a) in-plane
σxx/τxx, (b) in-plane electrical conductivity σxx, (c) ratio of
cross-plane σzz/τzz over in-plane σxx/τxx and (d) cross-plane
σzz, at different temperatures. Isotropic and anisotropic elec-
tronic scattering time τ are respectively assumed in (c), for
instance, τzz/τxx = 1 and 0.024 with the anisotropic one fit-
ting well the experimental data in blue square from Thakurta
et. al. [26] and thereby used to derive σzz in (d).
better thermoelectric performance. In Fig. 1(c), total den-
sity of states (DOS) also shows this preference, there is a
comparatively higher DOS very close to the conduction
band edge than that near the valence band edge. Con-
sidering more experimental data are found for p-type in
literature [26–28], we focus on hole-doped MoS2 in this
study.
In-plane and cross-plane thermopower are firstly stud-
ied. We initially compare our calculated S with experi-
mental data from Mansfield and Salam [27] in Fig. 2(a,b).
Samples in their experiment were p-type from nature with
hole carrier concentration as low as 1015 ∼ 1017 cm−3. A
very good agreement is obtained. Both our calculation
and available experimental data show a value of in-plane
thermopower S higher than 400 µV/K and S decreases
with increasing temperature as shown in Fig. 2(a). Then
we extend our discussion to high doping of 1017 ∼ 1020
cm−3 (corresponding to p = 10−5 ∼ 10−2 holes per unit
cell in our case) where thermoelectric properties are ex-
pected to be optimized as predicted from theory [39] and
experimentally observed in many materials [40–42]. It also
applies in MoS2 as we will show later. From Fig. 2(b),
the thermopower in the high doping region, though de-
creasing with doping level, takes a value of at least 200
µV/K (ZT>2.4 is expected from the Wiedemann-Franz
law.) and increases with increasing temperature. To see
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Fig. 4: (Color online) Doping level dependence of (a) power
factor σxxS
2
xx and (b) σzzS
2
zz of p-type MoS2 at different tem-
peratures.
a possible anisotropy between in-plane and cross-plane S,
we then show the ratio of Szz over Sxx in Fig. 2(c). A rel-
atively high anisotropy of thermopower below 1017 cm−3,
possibly due to difference of effective mass (or mobility)
and density between band-edge carriers moving along two
directions, according to the Mott formula [43] S ∼ ∂ ln(nµ)
∂E
where n, µ are respectively carrier density and mobil-
ity. Anisotropy vanishes as doping goes above 1017 cm−3
and both Sxx and Szz show similar magnitude and de-
pendence on hole doping level and temperature, which
is different from layered conductive thermoelectric oxides
[44,45]. Finally, to confirm that n-type MoS2 may be bet-
ter, we briefly compare n-type in Fig. 2(d) with p-type
in Fig. 2(b). Expectedly, bigger value of thermopower of
n-type MoS2 than of p-type is found.
Based on the energy-independent scattering time ap-
proximation, it is quite straightforward to get doping de-
pendence of σ/τ at various temperature from the elec-
tronic band structure, upon which we calculate σ if τ is
known. In Fig. 3(a), we show calculated σxx/τxx depend-
ing on hole doping and temperature. We find an almost
temperature independence but an approximately linear
doping level dependence of σxx/τxx, namely σxx/τxx ∼ T
0
p. For a quadratic band dispersion in an electron-phonon
approximation, σ ∼ p
2
3 T−1 stands, this results in τxx
∼ T−1p−
1
3 , in consistent with the analytical treatment of
carriers scattered by lattice vibrations in a semiconductor
[6,43]. To calculate σxx, we need some experimental input
to get τxx(T, p). Here we use σxx = 0.16 Ω
−1cm−1 at 100
K and 1.4×1015 cm−3 doping level from the experimental
data by Thakurta et. al. [26] and get τxx = 3.04 × 10
−6
T−1p−
1
3 with Kelvin and cm−3 as the unit of T and p,
respectively. Plugging it into our calculated σ/τ , we show
σxx(T, p) in Fig. 3(b), and power factor σxxS
2
xx(T, p) in
Fig. 4(a).
Electrical conductivity along c axis is also calculated
and a strong anisotropy is found between the in-plane and
cross-plane carrier scattering time τ . When isotropic τ is
assumed, namely, τzz/τxx = 1, we obtain σzz/σxx close to
unity in Fig. 3(c), which is against the reported result [26].
To fit σxx/σzz of two orders of magnitude in experiment,
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Fig. 5: (Color online) (a) In-plane electronic thermal conduc-
tivity κexx, (b) cross-plane κ
e
zz and (c) in-plane L/L0 as func-
tion of doping and temperature. L = κ/(σ T) and L0 is the
Lorenz number 2.44×10−8 WΩK−2. (d) Temperature depen-
dence of thermal conductivity κ from experiment by Kim et.
al. [29], which are presented by filled circles and fitted by κ =
183.103/T + 0.412671 in dashed line.
we use anisotropic τzz/τxx = 0.024, which suggests that
a strong anisotropy of carrier scattering time should play
a role in this system, and therefore obtain τzz = 7.30 ×
10−8 T−1p−
1
3 . Finally, we are able to calculate σzz(T, p)
and show it in Fig. 3(d).
With thermopower and electrical conductivity available,
we are able to evaluate power factor. For an optimized
thermoelectric performance, peak value of PF, the cor-
responding doping level and temperature are more con-
cerned here. Both power factors along two perpendicu-
lar directions have peak values spanning in a wide doping
range from 1017 to 1020 cm−3. From Fig. 4, the value
of peak power factor is nearly constant, while its temper-
ature increases with the hole doping level. Due to the
anisotropic carrier scattering time τ , nearly 50-fold dif-
ference is found between in-plane and cross-plane power
factors, e.g., σS2xx and σS
2
zz maxima at 700 K are respec-
tively 4.1×10−4 W/m/K2 and 1.0×10−5 W/m/K2. The
in-plane PF value is close to that of good thermoelectric
materials [39].
To optimize ZT value, it is also essential to know ther-
mal conductivity κ, including electronic κe and lattice κl.
Based on the scattering time approximation previously
discussed, we firstly calculate electronic thermal conduc-
tivity and show it in Fig. 5(a,b). κe increases with carrier
density p and temperature. At least two orders of mag-
nitude difference between κexx and κ
e
zz are found, which
is consistent with electrical conductivity case. Usually
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ties κ from Fig.5(d) were used.
one gets κe from electrical conductivity σ by using the
Wiedemann-Franz law, namely κe/(σ T) = 2.44×10
−8
WΩK−2, the so-called Lorenz number. However, it seems
not the case here. In Fig.5(c) we normalize L(=κe/(σ T))
by the Lorenz number and plot it as function of doping
and temperature. L/L0 is close to one as carrier density
goes beyond 1020 cm−3. Unlike the electronic κe, the lat-
tice κl can’t be calculated from electronic band structure.
Here we simply use experimental data from literature [29]
and show it in Fig. 5(d). Kim et. al. [29] measured tem-
perature dependence of κ for MoS2 sample as shown by
filled circles in Fig.5(d). The lattice thermal conductivity
dominates in the cross-plane direction, with two orders
of magnitude bigger than κezz . While the in-plane κl is
comparable to κe. We fit the experimental data by us-
ing κ = 183.103/T + 0.412671. It seems that Umklapp
process which usually has κ ∼ 1/T shows up and thermal
conductivity gets softening with increasing temperature.
All the data obtained above allow us to calculate ZT
as function of temperature and hole doping along two
directions, which is shown in Fig. 6(a-d). Optimum ZT
value increases with increasing temperature, so does the
corresponding optimum doping level. In-plane is better
than cross-plane for thermoelectric conversion, with its
ZT up to 0.30 and saturated around 700 K, as shown in
Fig.6(a,b). We may further reduce κ by random stacking
according to Kim [29] and Chiritescu et. al. [25], but its
effect on electrical transport needs to be checked if it may
compromise the gain of ZT by reducing thermal conduc-
tivity.
CONCLUSION. – By combining ab. initio. band
structure calculation with semi-classical Boltzmann trans-
port theory, we theoretically studied the doping and tem-
perature dependence of thermoelectric transport proper-
ties of 2H-MoS2. Anisotropic electronic scattering time
has to be considered to account for difference between in-
plane and cross-plane electrical conductivity σ, which also
gives rise to anisotropy of electronic thermal conductivity
κe. In-plane κ
xx
e is comparable to lattice κ
xx
l while cross-
plane lattice κzzl dominates over lattice κ
zz
e . In contrast to
p-4
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the anisotropy of σ and κe, thermopower, which is attain-
able more than 200 µV/K over a wider range of doping and
temperature, shows a vanishing anisotropy for doping over
1017 cm−3. The maximum ZT can reach as high as 0.3 at
around 700 K with carrier density of 1020 cm−3, and may
go higher if restacking process is used to further reduce
the thermal conductivity. A preference for the in-plane
thermoelectric transport by doping is demonstrated.
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